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SUMRY 
- 
The tensile properties of polymer films have been measured in air 
after the films were exposed to gamma radiation in vacuum. 
rate' was approximately 1.6 megarads per hour for doses to 2,000 megarads 
The dose 
at a pressure of lom6 totr, Four 0.001-inch-thick films were tested: 
poly(ethy1ene terephthalate) or PETP; poly(cyclohexylenedimethy1ene 
terephthalate) or PCTP; poly(viny1idene flouride) or  PVF2; and a poly- 
imide or PI. 
and elongation at break were obtained from the tensile tests. 
The yield strength, tangent modulus, tensile strength, 
The 
average value and standard deviation of each property are given, based 
on the results of twenty-five tests at each dose. 
effect on the tensile properties of chain scission and cross linking, 
and indicate theyuseful dose range of the films subjected to ionizing 
radiation, 
The data show the 
\ 
. <  
INTRODUCTION 
/ 
The increasing use of polymers for aerospace mechanical and 
structural applications has exposed the polymers to a wide range of often 
-damaging environments, One of the most damaging to organic niaterials is 
that of ionizing radiation (ref. 1). In aerospace applications (and 
some terrestial applications as well), the polymers may be subjected to I 
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both ionizing-radiat-ion-and-vacuum and still have to function as a load- 
bcaring elcmcnt in a mechanism or structure. 
interest t o  know what effect such vacuum-radiation environment has on the 
mechanical properties and how such properties vary with increasing radia- 
tion dose. 
It is therefore, of  practical 
The polyliiers were investigated in film forn because extensive use 
has been made of films in several aerospace structures (ref. 2, 3 ,  4 ) .  
Two polyesters, a fluorocarbon, and a polyimide were exposed to gamma 
radiation in a vacuum and subsequently subjected to tensile tests in air. 
This paper will present the results of those tests. ' 
DESCRIPTION OF MATERIALS AND TESTS 
Materials 
Table I lists the polymer films which were investigate1 l A  1 ms 
were approximately O.OOl-inch-thick, and all except the polyimide were 
crystalline. The PETP and PCTP have similar nolecular structures, the 
difference being, that the latter has an additional six member ring (ref. 5). 
The polyimide is,representative of the aromatic, heterocyclic polymers 
which jossess high temperature and radiation stability (ref. 6). 
\ 
: :  
Tests 
/ 
The films were cut into 0.5-inch-wide strips approximtely 6 inches 
long, placed in Pyrex tubes, and dcgassed for 3 days at 122'F (5OoC) and 
. torr. After degassing, thc tubes were sealed at torr and irradiated 
in a cobalt-60 gamma radiation cell a t  a dose rate of 1.6 megarad/hr and 
at a temperature of 117'F ( 4 7 O C ) b  Following irradiation, the sealed tubes 
I .1 , 
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. L 
were anncaled a t  1S5OF (85OC) f o r  16 hours before  they  were opened. In 
. 'the cascs i n  which t h e  f i l m  was n o t  t e s t e d  immediately a f t e r  t h e  tube  was 
opened, t h e  f i l m  was s t o r e d  under argon u n t i l  it could be t e s t e d .  
T e n s i l e  t e s t s  were perfornied on t h e  f i l m  s t r i p s  a t  room tcniperature 
i n  a normal atmosphere. 
g r i p s  which were loca ted  3 inches a p a r t ,  
The s t r i p s  were secured i n  t h e  t e s t i n g  machine 
The c r o s s  head was d e f l e c t e d  
a t  a rate of 2 inches p e r  minute, r e s u l t i n g  i n  a s t r a i n  r a t e  of  0.667 
'inch p e r  i nch  p e r  minute. From t h e  s t r e s s - s t r a i n  curve so obtained,  it 
was p o s s i b l e  t o  determine t h e  tangent modulus of e l a s t i c i t y ,  t h e  0.2-percent 
o f f - s e t  y i e l d  s t r eng th ,  t h e  t e n s i l e  s t r e n g t h ,  and t h e  e longa t ion  a t  break. 
RESULTS A N D  DISCUSSION 
The r e s u l t s  of  t h e  t e n s i l e  tests of  t h e  gamma-irradiated f i l m  a r e  
l i s t e d  i n  Tables  11-VI and p l o t t e d  i n  f i g u r e  I, 
of 24-26 tes ts  and one s t anda rd  dev ia t ion  fol lows the 
Each va lue  i s  t h e  average 
s ign .  
' Figurc l (a)  shows t h e  change of t e n s i l e  p r o p e r t i e s  r e l a t i v e  t o  t h e  
c o n t r o l  va lue  f o r  t h e  PETP fi lm, 
loga r i thmic  scale.) 
been sub jec t ed  t o  t h e  same outgassing and thermal t r ea tmen t s  as t h e  
i r r a d i a t e d  f i l m .  Figure l (a )  shows t h e  r e s u l t s  of t h r e e  series of  t e s t s  
of f i l m  which were i r r ad ia t ed  a t  d i f f e r e n t  times over a s i x  month pe r iod .  
(Note t h a t  t h e  dose i s  p l o t t e d  on a 
The c o n t r o l  values were obtained on film which had 
r. 
- -  
P 
As a r e s u l t ,  t h e r e  i s  cons ide rab le  sca t te r  i n  t h e  data even though each 
d a t a  p o i n t  i s  t h e  average of  approximately 25 t e s t s  (see Table 11). 
Figure l ( a )  shows t h a t  t h e  degradation i n  t h e  t e n s i l e  p r o p e r t i e s  
i s  s l i g h t  f o r  doses up t o  approximately 50 megarads. A t  100 megarads, 
. .  
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hO\(rCVcr, both t h e  t e n s i l e  s t r e n g t h  and elongat ion drop r a p i d l y .  
. con t r a s t ,  t h e  y i e l d  s t r e n g t h  and modulus show r e l a t i v e l y  l i t t l e  change 
By 
for doses up t o  174 mcgarads. The changes shown i n  f i g u r e  l ( a )  are cam- * 
p a r a b l e  t o  those r epor t ed  i n  references 7 and 8 f o r  PETP i r r a d i a t e d  i n  a i r .  
The e f f e c t  of vacuum, r a d i a t i o n ,  and temperature was i n v e s t i g a t e d  by 
p l a c i n g  an oven i n s i d e  t h e  gamma ce l l ,  By t h i s  means t h e  film could b e  
heated and i r r a d i a t e d  while  it was i n  a vacuum. Table I11 l ists  t h e  
t e n s i l e  p r o p e r t i e s  af ter  t h e  f i l m  was heated under vacuum f o r  t i n e s  up 
t o  G O O  hours, and af ter  h e a t i n g  and irradiatingsimultaneously f o r  closes 
up t o  153 megarads. The f i l m  was heated t o  212'F (lOO'C), a temperature  
which i s  d e f i n i t e l y  above t h e  g l a s s  t r a n s i t i o n  temperature of PETP 
(Table I ) ,  I t  is  apparent  from Table I11 t h a t  h e a t  and vacuum t o g e t h e r  
dec rease  the t e n s i l e  s t r e n g t h  and e longa t ion ,  i n c r e a s e  t h e  t angen t  modulus, 
and have l i t t l e  e f f e c t  on t h e  y i e l d  s t r e n g t h ,  compared t o  t h e  c o n t r o l  
v a l u e s  l i s t e d  i n  Table  11. 
. h e a t  and r a d i a t i o n  under vacuum, t h e  t e n s i l e  s t r e n g t h  and e longa t ion  were 
When t h e  PETP f i l m  was sub jec t ed  t o  both 
f u r t h e r  reduced, b u t  t h e  y i e l d  s t r e n g t h  and t angen t  nodulus f i rs t  inc reased  
and then  decreased. Although'thc a b s o l u t e  va lues  of t h e  t e n s i l e  p r o p e r t i e s  
T 
\ were decreased, t h e  r e l a t i v e  change i n  t h e  p r o p e r t i e s  was no t  a f f e c t e d  by 
'exposure of t h e  f i l m  t o  t h e  e l eva ted  t e n p e r a t u r e  during i r r a d i a t i o n ,  I t  
is poss ib l e ,  of course; t h a t  t h e  temperature  annealed some of  t h e  r a d i a t i o n  
damage. 
The e f f e c t  of gamma r a d i a t i o n  on t h e  t c n s i l e  p r o p c r t i e s  o f  PCTP i s  
. .  
, l i s t e d  i n  Table I V  and i l l u s t r a t e d  i n  figure l ( b ) .  The t r e n d s  h e r e  are 
much more c l e a r  because t h e r e  a r e  iewer data compared t o  PETP. 
t e n s i l e  s t r e n g t h  and e longa t ion  show a moderate d e c l i n e  f o r  doses  t o  
Both t h e  
approximately 50 megarads a f t e r  which t h e  p r o p e r t i e s  dec rease  r a p i d l y .  
* 
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By contrast, the yield strength and tangent modulus increase for doscs 
up to 200 niegarads. 
1 The variatioi of tensile properties of PVF2 film for doses of  100 to 
1 
1,000 mcgarads is listed in Table V and illustrated in figure l(c). It 
is apparent that all the properties increase by 20 to 40 percent during 
the first 100 megarads of radiation except for the elongation which 
. .  
decreases by 20 percent. 
elongation is similar to the response which is reported in reference 9, 
The response of the tensile strength and 
i 
I 
I and has been attributed to molecular cross linking (ref. 10). 
1 
I 
t 
The test results of the PI film are listed in Table VI and plotted 
4 t in figures L(d) and l(e).* The film was irradiated in both air and v ~ ~ , . c ; n  
and it was heated to 347OF (175OC) for the 1,500 megarad dose. 
radiation in vacuum has little effect on the tensile properties except 
'f 
1 
i 
: *  
Gamma 
4 :  
1 
1 
i I 4 for the increase in tensile strength and elongation at the higher doses. - I ,  
I 
--_ The elevated temperature decreases the yicld strength and nodulus but .! -- -
,--\- 
'.,increases thc tensile strength and elongation. lJhen the PI film was 
s irradiated in air, all of the properties except the elongation increased 
initially before,decreasing, a response which is similar to that of the 
PVFZ_film which was irradiated in vacuum. 
irradiation in air decreased all the properties except the tensile strength. 
In a l l  polymers there is a general relationshi;,, as shown schematically 
--- -__ 
\ 
The elevated temperature during 
. :  
# 
in figure 2, that the physical properties increase with the molecular 
weiiht (ref. 11). A polymer must have a certain minimum molecular weight, 
such as that indicated by A, in order to have useful mechanical properties. 
Above molecular weight A, the mechanical properties steadily increase until 
. - 6 -  
I 
t h e  molecular weight B,  a f t e r  which t h e  p r o p e r t i e s  i n c r e a s e  a t  a lower 
ratc.  I f  a polynier of  molecualr  weight B undergoes a 50 pe rcen t  i n c r e a s e  
i n  molecular weight t o  C ,  t hen  t h e  mechanical p r o p e r t i c s  i n c r e a s e  by some 
25 percent.  
i n  a 90 pcrccnt l o s s  of mechanical p r o p e r t i e s .  
By c o n t r a s t ,  a 50 percent  decrcase from B t o  A would r e s u l t  
Although t h e s e  f i g u r e s  
do no t  p e r t a i n  t o  any one polymer, t hey  are i l l u s t r a t i v e  of  t h e  e x t e n s i v e  
mechanical p rope r ty  changes which can accoinpany molecular weight changes. 
The molecular weight of  a polymer can be changed by i o n i z i n g  r a d i a -  
t i o n  such as ganuna r a d i a t i o n  ( r e f .  1 2 ) .  The r a d i a t i o n  can dec rease  t h e  
molecular weight by breaking t h e  main molecular chain,  o r  it can i n c r e a s e  
t h e  weight by promoting c r o s s  l i nk ing  between t h e  chains .  
c r o s s  l i n k i n g  o r  chain s c i s s i o n  only were t a k i n g  p l ace ,  t hen  t h e  p r o p e r t i e s  
might vary as shown schemat i ca l ly  i n  f i g u r e  3 ,  
star ts  with a molecular weight o f  B, then t h e  radiat ion-induced c r o s s  
If  e i t l i c r  
Assuming t h a t  a polymer 
l i n k i n g  inc reases  t h e  molecular weight so  t h a t  t h e  mechanical p r o p e r t i e s  
.increase a t  a cont inuously dec reas ing  ra te .  However, i f  t h e  r a d i a t i o n  
causes-chain-scission,-then-the-molecular weight dec reases  as  do t h e  
mechanical p r o p e r t i e s .  I t  i s  l i k e l y  t h a t  both c r o s s  l i n k i n g  and cha in  . 
\ s c i s s i o n  t ake  p l a c e  t o  some degree when a polyner i s  i r r a d i a t e d .  
', ,sequently,  t h e  measured mechanical p r o p e r t i e s  nay i n c r e a s e  and then  
Con- 
decrease with inc reas ing  dose as shown i n  f i g u r e  3 .  
There a re  f a c t o r s  o t h e r  t han  molecular weight which can i n f l u e n c e  
t h e  response of a polymer t o  i o n i z i n g  r a d i a t i o n ,  f a c t o r s  such as t h e  
.degree of  c r y s t a l l i n i t y ,  t h e  r a t e  of  reforming of broken bonds', and t h e  
extent  o f  molecular o r i e n t a t i o n  ( re f .  1 3 ) .  In  a d d i t i o n ,  t h e  t e n s i l e  
p r o p e r t i e s  are n o t  completely independent o f  one a n o t h e r ,  For example, 
. .  
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es t h e  t angen t  modulus increases ,  t h e  e longa t ion  may decrease because 
t h e  higher  modulus prevents  a wide r e d i s t r i b u t i o n  o f  s t r e s s  around 
t h e  inhe ren t  flaws i n  t h e  film, As a resu l t ,  t h e  f i l a  nay break  a t  
a low averae;e strain and apJear t o  be b r i t t l e  even though it is 
s t i l l  f l e x i b l e .  . 
Despi te  t h e  va r ious  complicating f a c t o r s ,  t h e r e  are g e n e r a l  
r e l a t i o n s h i p s  which appear i n  the  data. 
modulus and y i e l d  s t r e n g t h  e i t h e r  i n c r e a s e  t o g e t h e r  o r  decrease  
t o g e t h e r .  As t h e  absorbed dose i n c r e a s e s ,  t h e  y i e l d  s t r e n g t h  and 
t angen t  nodulus f i rs t  decrease  and then  i n c r e a s e  f o r  t h e  PETP and 
PCTP film, For t h e  PVF2 and PI f i l m ,  t h e  sequence i s  r eve r sed .  ;,,,in, 
t h e  vacuum i r r a d i a t e d  PI  f i l m  i s  t h e  exception. I n  c o n t r a s t  t o  t h e  
e l a s t i c  p r o p e r t i e s ,  t h e  u l t ima te  p r o p e r t i e s  of t e n s i l e  s t r e n g t h  and 
e longa t ion  g e n e r a l l y  decrease  for  t h e  range o f  absorded doses which 
were i n v e s t i g a t e d .  
a r r o w  i n d i c a t e  i n c r e a s i n g  dose. 
megarads), , r  t h e  t e n s i l e  s t r e n g t h  of t h e  PVF2 and PI  film appa ren t ly  
i n c r e a s e s  even though t h e  elongat ion decreases .  
For example, t h e  t angen t  
' 
The decrease i s  shown i n  f i g u r e  4 where t h e  
A t  t h e  lower doses (100 t o  500 
- -  The change o f  t e n s i l e  p r o p e r t i e s  of t h e  polymer f i l m s  i s  
i l l u s t r a t e d  by t h e  gene ra l i zed  s t r e s s - s t r a i n  curves of f i g u r e  5 
where t h e  curves are numbered 0, 1, 2 , t o ' i n d i c a t e  zero,  l o w ,  a n d - h i g h  
doses ,  
predominant molecular change f o r  t h e  PETP i s  main cha in  s c i s s i o n  
P 
The PETP and PCTP f i lms change as shown i n . f i g u r e  5 (a) .  The 
( r e f .  1 4  and 151, 
cross l i n k i n g )  and t h e  P I  f i l m  ( i r r a d i a t e d  i n  a i r )  are i l l u s t r a t e d  
The changes i n  t h e  PVF2 film (which undergoes 
. 
i n  f i g u r e  5 ( b ) .  
t h e  changes a r e  exaggerated f o r  purposes of c1,ar i ty .  
The curves i n  f i g u r e  5 a r e  h igh ly  gene ra l i zed  and 
’ ,  
However, it 
appears  t h a t  t h e  curves of f i g u r e  5(a) a r e  c h a r a c t e r i s t i c  of  polymer 
f i l m s  which undergo cha in  s c i s s i o n  during i r r a d i a t i o n ,  and t h o s e  o f  I 
f i g u r e  5 ( b )  are t y p i c a l  of  f i l m s  which experience r a d i a t i o n  c r o s s  
l i n k i n g  
CONCLUDING R M K S  
Thin polymer f i l m s ,  approximately O,OOl-inch-thick, have been exposed 
t o  g a m a  r a d i a t i o n  i n  vacuum and t h e  t e n s i l e  p r o p e r t i e s  have been 
measured i n  a i r r  
cha in  s c i s s i o n  and c r o s s  l i n k i n g ,  t h e  mechanical response can be 
complicated,  
t h e  c ros s  l i nk ing  polymers showed d i s t i n c t l y  d i f f e r e n t  s t r e s s - s t r a i n  
curves  as a func t ion  of  absorbed dose,  
( tangent  modulus and y i e l d  s t r e n g t h )  f irst  decreased and then  inc reased  
Because ion iz ing  r a d i a t i o n  can promote both  
I n  gene ra l ,  however, t h e  chain s c i s s i o n  polymers and 
. 
The e l a s t i c  p r o p e r t i e s  
wi th  dose for t h e  cha in  s c i s s i o n  polymers whereas t h e  sequence was 
reversed  f o r  t h e  c r o s s  l i n k i n g  polymers. 
( t e n s i l e  s t r i n g t h  and e longa t ion )  gene ra l ly  decreased over  t h e  range 
The u l t i m a t e  p r o p e r t i e s  
o f  doses which were i n v e s t i g a t e d ,  Both t h e  f luorocarbon and t h e  
polyimide f i l m  were e s s e n t i a l l y  unchanged by doses  which were fax 
i n  excess  o f t h o s e  which destroyed t h e  u s e f u l  mechanical p r o p e r t i e s  
of  t h e  po lyes t e r  f i l m s  . I 
I ;i 
14. 
15 * 
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98 
1 
Iont ro l  
lontro 1 
Zontrol 
2 .  
4 .  
4 
5 
8 
9 
10 
13 
14 
27 ' 
48 ' 
89 
167 
17 4 
I .  
... < . .  
.. c 
i c  
2 
- 
- 
X 
X 
X 
X 
X 
X 
L 
- 
3 
- 
X 
X 
X 
x 
X 
X 
- 
Yield 
S t rength ,  
p s i  
3 (11.12 0.8)XlO 
(1 1 . 720 . 5 )  
(11.620.5) 
(11.1t0.4) 
(10.7i0.5) ' 
(11.6+0.4) 
(11.9,+0.5) 
(11 . 120.7) 
(1 0.420 . 71 
(11 . 120 .5) 
(11.5+0.5) 
(1  1.020 . 5 
(11.720.6) 
(11.2~0.5) '  
(12.620 . 5)  
(11 . 5,+0.8) 
(10.722,6) 
Tens i 1 e 
St rength ,  
p s i  
(22.2_*2,4)X103 
(22.221.9) 
(22.8k3.4) * 
( 2 3 . W  .5) 
(20.722 . 1) 
(26,821.5) . 
(21.252.6) 
(26,622 . 2)  
(22.921.5) 
(20.421.9) 
(20.922.1) ' 
(20 . 621.6) 
(17.3,+2.0) 
( 17 . 420.6) 
(14 . 121 . O )  
(1 2 . 824 . 4 1 
(20 6 120.9) 
Tangent 
Modulus, 
p s i  
(5.67 20, 39)x105 
(5.98+0,23) 
(5.6320.35) 
(s.1420.23) 
(5 . 6620.24) 
(6.4820.29) 
(5 . 2 1 ~ 0 . 2 5  ) 
(6.6420.34) 
(5.55+b.24) ' 
(5,4420.13) 
(5.4720.33 1 
(5 .682~ .?5 )  
(5.6520.28) 
(5.7620.30) 
(5.4820.28) 
(5.8220.29) 
(6 . 1630 . 39) 
Elongat ion,  
Percent  
156228 
139230 
150236 . 
173217 
136232 
115216 
135211 
119227 
138216 
170215 
141227 
1572.35 
154223 
120252 
121219 
18217 
422 
TABLE III - TIE EFFECT OF 212'1: (100OC) TEMPERATURE AND GAMHA 
RADIATION IN VACUUFl ON TIIE TENSILE PROPERTIES OF 
0.001-INCH-THICK POLY (ETIIYLENE TEREPHTIIALATE) (PETP) FILbl 
Number 
Megarads o f  Hours 
I 
Y i e l d  
S t r en g t 11, 
p s i  
(11.4_+0.6)XlO 
(1  1.240.6) 
(11.2t0.6) 
(11.0+_0.6) 
(11. GtO .4) 
(11.4r0.8) 
3 
(12. O i l  . 0) 
q10.0:2.0) 
T e n s i l e  
S t rength ,  
psi 
3 
(16,6+2,2)XlO 
(16.822.0) 
(18. 022.6) 
(16,021.2) 
(18,622.4) 
(17,421.8) 
(15.6+2.4) 
\ 
Y l l  . 222 . 0) 
Tangent 
!lodulus, 
n s i  
~ 
5 (7.02t0.27)XlO 
(6.36_+0.36) 
(6.75_+0.41) 
(6 ,4720.30) 
(6.99+0.19)' ' 
(7,0620.46) 
(6,9920.32) 
"(6,7620.39) 
E longat  ion, 
Percent 
37236 
5 624 0 
62238 
53226 
67237 
50227 
421 
a22 1 
a Average of Ten Tests, 
Dose, 
Megarads 
Yield 
S t rength ,  
p s i  
(S.4t0.5) 
(8 . 7 ~ 0 . 6 )  
(9.320.3) 
(S. 820.8) 
(9.740.5) . 
(8 . 920 . 4) X10 ' 3  
71 . 1 ~ 0 . 6 )  
TABLE IV - TiIE EFFECT OF GAWA RADIATION IN VACUUd ON 
TIE TENSILE PROPERTIES OF 0.001-INCII-TIIICK 
POLY (CYCLOIIEXYLENEDIblETHYLENE TEIlEPl ITHALATE) 
(I'CTP) FILM 
Elongat ion, Tcnsi l e  Tang en t 
St rength  , Modulus , Percent  
- p s i  7s i 
88253 
(17.3_+1.6) . (3.46+0.15) 81218 
(16.921.5) (3.6320.26) 75213 
(16 .9~1.1)  (3 .8 020 .11) 72313 
(14 020, S ) (4,0320.26) 39212 
(12.921.2) . (4.1320.12) 1637 
( 2 1  122.2)XlO - 3  (3 .5~0.2O)XlO 5 
a 4 7 1 e 1 L O .  6 )  --- 
Con t ro 1 
10 
20 
51 
' 102 
2 03 
5 08 
e 
' ,  
-7 
-.
Tcns i l e  Tangent E longat  ion,  Dose, Yield 
S t rength ,  S t rength  , blodulus , Percent Megarads 
Control-'. ~ (4 . 220 . 2) X10 
' '102- 
- 202 
645 
p s i  ps i  p s i  
1325 
(4.421.0) (6.020.6) J 8 2 0  . 26) 823 
3 3 5 
(5.5,+0.7) -- - _(8.921.0) (2.6320.34) 102 1 
(4 . 920 . 2) (7.620.5) __ - _  (2,4020.19) 923 
(4 . 020 .$) (5 e 92 0. s ) (2.0820.14) 723 
* '. 
(6.620.4) X10 (2 . 1420.18) X10 
1,061 
. a Avcrage of Ten Tes t s .  
G TABLE V - TIE EFFECT OF GMllbIA RADIATION IN VACUUM ON , 
TfiE TENSILE PREODERTIES OF 0,001-INCH-THICK 
POLY (VINYLIDENE FLUORIDE), (PVF2) FILM 
, 
f . .  
i *  
! I I 
, . .  
I I 
. .  -- -.- 
.:.,.< 
:< 
I .  . 
\ 
, 
i 
8 
TABLE VI - THE EFFECT OF GILW.lA IIADIATION IN VACUUil AND IN A I R  
ON TIlE TENSILE PROPERTIES OF 0 . OOl-INC~~.rTI~ICK 
POLYIMIDE ( P I )  FILM 
L. 
Dose, Yield T en s i 1 c Tangent 
blegarads . Strength ,  S t rcng t h  , bIodulus , 
E 1 ong a t i or, ,. 
Percent  
I . p s i  I p s i  I Dsi ! 
500 
1 , 000 
. 1 , 500a 
2,000 . 
(6 . S+l . 0)  X10 1 (20.822.6)XlO 1 (4,20_+O,Sl)XlO5 1 87220 I Control  
(6.220.8) 
(7.220.4) 
(6.020.6) 
(6.420.6) 
I Vacuum , I 
. 500 
1 , 000 
1 , sOoa 
2 # 000 
(7.821 .O) (22 .8~2.4)  (4.6123.55) 73227 
(7.420.8) (20.223.0) (4.5020 .5S) 60220 
(6.2iO. 6) (17.421.6) (4.0920.48) 31216 
(6 . 820 . 4) (17,221.2) (4.05,+0,18) 36213 
' (22.022.6) 
(21.822.6) 
(23.622.0) 
(24,424.2) 
(4 . 0920.44) 
(4,0720.24) 
(4 . 23_+0.58) 
(4.18+,0.65) 
96225 
77526 
8 1 ~ 2 2  
84225 
1 , A i r  
a Irradiated at  347OF: (17SoC), 
-. 
\ 
. 
FIGURE LEGENDS 
' . Figure 1 - Effect of pmae radiation in vacuum on the relative . , . '  
tensile properties: ,6f polymer films. (a) PETP 
* . . 
Figure 1 -' Continued, (b) PCTP - 
' ' Figure 1 - Continued; (c) PVFZ 
. .  
' ' Figure 1 - Continued. (d) PI 
~ .... 
c 
i 
Figure 1 - Concluded, '(e) PI, irradiated in air. 
. Figure 2 - Effect of molecular weight on the hechanical properties 
. ,- of polymers. . 
Figure 3 - Change of mechanical properties of polymers which undergo 
Since only cross linking or main chain scission (dashed cukves), 
real polymers may experience both mechanisms, the measured 
mechanical properties may reflect the effect of both cross linking. 
and chain" scission (solid curve) . 
' 
-- - 
' Figure 4 - Effect of gamma radiation on the ultimate tensile 
Y 
properties (tensiSe strength and elongation) of polymer films , 
The arrows indicate the direction of' increasing dose. 
Figure 5 - Generalized tensile stress-strain curves of polymers 
'which vldergo predominantly chain scission or predominantly 
4 
cro88 l ink ing  during irradiation,  
low, and high dosee and the t i c k  narks show the yield stress. 
The 0, 1, and 2 ind4cate zero, 
(a )  Chain roisaion.  (b) Cross l inking,  
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0 
1 10 100 1000 
DOSE, MEGARAD 
(a) PETP. 
F igure  1.- Effect  of gamma r a d i a t i o n  i n  vacuum on t h e  r e l a t i v e  t e n s i l e  
proper t ies  of polymer f i lms.  
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(b) PCTP. 
Figure 1. - Continued. 
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Figure 1. - Continued. 
140 
100 
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PERCENT 120 0 [I 
OF 80 L 
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STRENGTH 
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9 
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I RRAD IATED AT 347' F 1175' C) 
10 100 1000 10 000 
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(d) PI. 
Figure 1. - Continued. 
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20 1 2 I RRADIATED AT 347' F (175' C) 
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( e )  PI, irradiated i n  a i r .  
Figure 1. - Concluded. 
MECHANICAL 
PROPERTY 
MOLECULAR WE I G HT 
Figure 2.- Effect of molecular weight on the mechanical properties 
of polymers . 
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